The ability of the root system architecture to respond to nutrient availability is a key adaptative behaviour allowing plants to cope with environmental conditions. On the basis of single time point comparisons, the response to phosphate deprivation was previously shown to involve both the primary and lateral roots of Arabidopsis . In this work, the temporal pattern of Arabidopsis root responses to phosphate starvation was investigated. Daily scanning of roots showed that changes in architecture were largely due to the alterations of time-based growth parameters, namely a decrease in the elongation rate of the primary root opposed to an increase in the elongation rate of lateral roots and a decrease in the number of initiated lateral roots. In addition, another identified response was a decrease in the proportion of lateral roots showing early growth arrest. All these changes occurred within a short period of approximately 3 d. In addition, the root morphology comparison with the auxin-resistant mutant axr4 , the auxin-treatment of phosphate-starved plants and a limited transcriptome analysis supported the conclusion that auxin signalling was involved in the adaptive response of the root system architecture to phosphate deprivation.
INTRODUCTION
In response to changing and/or heterogeneous nutrient availability in the soil, plants have evolved various adaptative mechanisms among which the plastic development of the root system is of crucial importance (Lynch 1995; Thaler & Pages 1998; Hell & Hillebrand 2001) . In numerous plant species, root proliferation in nutrient-rich regions leads to an increased ratio of surface area to explored soil volume which facilitates the uptake of nutrients. However, not all nutrient ions induce the same changes in the root system architecture (Drew 1975) . For instance, nitrate availability does not affect the growth of the primary root of Arabidopsis , but the elongation rate of lateral roots increased in nitrate-rich areas (Zhang & Forde 1998) . By contrast, iron limitation decreases the growth of lateral roots but increases their density (Moog et al . 1995) , and also induces the formation of extranumerary root hairs (Schmidt & Schikora 2001) . For phosphate, the responses are even more complex. In Arabidopsis , phosphate starvation reduces the growth of the primary root, but increases that of lateral roots (Williamson et al . 2001 ) and the formation of root hairs (Bate & Lynch 1996) . In addition, in Phaseolus vulgaris , phosphorus deficiency affects the growth angle of basal roots (Bonser, Lynch & Snapp 1996) , whereas it promotes the formation of proteoid roots in Lupinus albus (Johnson, Carroll & Allan 1996) . Thus, according to the nature of the nutrient effector, the changes in root architecture may or may not involve both primary and lateral root growth, and lateral root and/or root hair initiation. However, little is known about the relative efficiency of these various adaptations, in terms of facilitating ion uptake, and about the temporal coordination of these responses when plants encounter mineral ion limitations.
The molecular basis of the adaptative responses remained poorly understood for a long time. However, recent evidence points to a complexity of signalling pathways enabling the architectural plasticity. The plant nutritional status constitutes the first component of this signalling. In the case of nitrate, for instance, root growth is inversely correlated to the nitrate content of the aerial part in tobacco (Scheible et al . 1997) and Arabidopsis (Zhang et al . 1999) . Similarly, the behaviour of pho2 , an Arabidopsis mutant affected in phosphate allocation, supports the conclusion that the shoot phosphate status influences the response of the root system architecture to phosphate starvation (Williamson et al . 2001) . In addition, a recent report by Malamy & Ryan (2001) described lin1 , an Arabidopsis mutant affected in a gene involved in coordinating lateral root initiation according to carbon and nitrogen status. In addition to the control of architectural responses by nutritional cues, the involvement of nutrient ion-specific signalling pathways has also been proposed. In Arabidopsis , the adaptative increase in lateral root elongation in nitrate-rich regions does not depend on the capacity to metabolize the nitrate ion, but involves the expression of the nitrate-inducible transcription factor ANR1 (Zhang & Forde 1998) . To date, however, the nature of both the nitrate sensor and of other elements of the transduction pathway remain to be elucidated (Zhang & Forde 2000) . Finally, the involvement of hormone signalling was also demonstrated. As suggested by the response of the auxinresistant Arabidopsis mutant axr4 , auxin signalling could be involved in the adaptative response to nitrate starvation (Zhang et al . 1999) . In contrast Linkohr et al . (2002) demonstrated that auxin does not appear to be directly involved in nitrate-induced architectural root changes. More generaly, this hormone may play a major role with respect to architectural effects of carbon and nitrogen status (Malamy & Ryan 2001) . Such a function would be expected given the well-known effects of auxin on root growth under normal conditions (Malamy & Benfey 1997; Reed, Brady & Muday 1998) . However, more surprising responses were observed with plants starved of phosphate and iron. Although both types of limitation promote the formation of extra root hairs, the involvement of auxin would be required, at least in part, only in the case of iron deficiency (Schmidt & Schikora 2001) . With regards to the growth of lateral roots, an independence from auxin signalling was first proposed in the case of phosphate starvation (Williamson et al . 2001; Linkohr et al . 2002) . However, more recently the opposite results were obtained, which indicates that the response to phosphate deficiency is correlated to an increase in auxin sensitivity (Lopez-Bucio et al . 2002) .
Thus, generally speaking, nutrient availability appears to promote multiple responses at the level of the root system architecture that involve several signalling pathways. Among nutrients, according to available data, phosphate starvation seems to trigger a very complex set of architectural responses (concerning both the primary root, lateral roots and root hairs). In addition, it is well known that phosphate deficiency induces several other biochemical and molecular responses that are assumed to facilitate phosphate remobilization (Grierson 1992; Duff, Sarath & Plaxton 1994; Plaxton 1996; Plaxton & Carswell 1998; Raghotoma 1999) . However, the signalling pathways involved in these various responses remain controversial and appear not to involve the auxin pathway. In the present work, we combined a detailed temporal analysis of the responses of the root system architecture to phosphate starvation, with both a molecular characterization using DNA macroarrays, and a root morphological analysis of auxin-treated wildtype plants and well-characterized mutants, in order to delineate how the various root architectural responses are coordinated, and to gather additional insights about a possible involvement of auxin in these responses. ). For biochemical and molecular analysis, depending on plant age, up to 2000 roots were excised, rinsed in sterile water and frozen in liquid nitrogen.
MATERIALS AND METHODS

Plant material and growth conditions
Morphological analysis
Images from the root system were recorded daily, directly from plants growing in Petri dishes using a desktop scanner (resolution: 450 dpi), and root architecture was characterized using an image analysis software (Optimas Image Analysis System 6.1; Media Cybernetics, Silver Spring, MD, USA) as described by Freixes et al . (2002) . The lengths of each part of the primary and lateral roots were measured to obtain the following parameters: root length, elongation rate of primary and lateral roots, number of growing lateral roots, rate of emerging lateral roots, and duration of the growth time period. Data were exported to an Excel worksheet for final processing and statistical analysis (SAS software; SAS Institute, Cary, NC, USA).
Tissue phosphate measurement
Frozen material was ground in liquid nitrogen and the powder (50 mg) was homogenized in 500 m L of 10% (v/v) TCA by shaking 15 min at 4 ∞ C. After centrifugation (5 min at 12 000 g ) Pi content was determined by spectrophotometry of a phospho-molybdate blue complex (Rytcher & Milkulska 1990) .
RNA extraction and analysis
Frozen material was ground in liquid nitrogen and the total RNA was isolated using the Trizol reagent (Gibco BRL, Life Technologies, Cergy Pontoise, France) according to manufacturer's protocol. RNA quality and quantity were assessed with the OD 280 /OD 260 measurement and gel electrophoresis. RNA extracts were stored at -20 ∞ C prior to hybridization onto macroarrays.
Macroarray construction, cDNA synthesis and hybridization
A macroarray of 73 genes was used, as described by Scheideler et al . (2002) , to monitor changes in their steadystate transcript amounts in response to phosphate deficiency. The genes were chosen to cover a range of mineral and water nutrition processes as well as processes involved in the initiation and elongation of roots. The membrane thus included: (1) genes involved in ion transport or in water transport; (2) genes important for carbon metabolism, cell cycle or cell elongation; (3) a set of genes associated with the responses to various hormones; (4) genes described as participating in root formation; (5) a set of transcription factors; and (6) 11 control genes including house-keeping genes and non-plant genes (the detailed list of genes is given in the Appendix). cDNA fragments cloned in plasmid vectors were amplified by polymerase chain reaction using the universal M13-forward and M13-reverse primers (Desprez et al . 1998 ). Amplimers were analysed by electrophoresis for size, quality and quantity and were spotted in duplicate on Nucleobond N + membranes (Amersham Biosciences GmbH, Saclay, France) at a 65 clones cm -2 density using a BioGrid arrayer (BioRobotics Ltd, Cambridge, UK). Spotted membranes were then treated twice with a denaturing buffer (0.5 M NaOH, 1.5 M NaCl) and twice with a neutralizing buffer (1 M Tris-HCL, 1.5 M NaCl, pH 7.4). DNA spots were cross-linked to the membranes for 2 h at 80 ∞ C and then 5 min under UV rays (254 nm).
Complex probes were prepared from 5 to 10 m g total RNA, using anchored oligo-dT (VT 18 ). Complex probes were synthesized using simultaneous reverse transcription and labelling for 90 min at 42 ∞ C in the presence of 30 m Ci [ a 33 P]dCTP, 1 m M each dATP, dTTP and dGTP, and 200 U SuperScript II reverse transcriptase (Gibco BRL) according to Scheideler et al . (2002) . Probes showing incorporation yield over 40% were used for the hybridization experiments. Membranes were prehybridized for 3 h in 2 mL Church buffer [ethylenediaminetetraacetic acid 1 m M , sodium phosphate 0.5 M , sodium dodecyl sulphate (SDS) 7%, pH 7.5] at 65 ∞ C containing 40 m g sonicated herring sperm DNA. Complex probes were denatured 10 min at 95 ∞ C and added to the prehybridization mix. Hybridizations were carried out for 17 h at 65 ∞ C. After hybridization, the membranes were washed twice in 50 m M sodium phosphate, SDS 0.1%, pH 7.5 at 65 ∞ C and were exposed to Kodak phosphor-imager plates (Eastman Kodak Company, Rochester, NY, USA) for 20-48 h, and scanned (50 m m resolution) with an 860 Storm phosphorimager (Amersham Biosciences). Spot intensities were quantified using ImageMaster-Array software (Amersham Biosciences).
Expression data analysis
Intensity values were measured at four time-points. After local background subtraction, differences between normal and phosphate-starved plants were computed for each gene at each time-point. This data set was analysed by analysis of variance (Kerr, Mitchell & Churchill 2000) . The genetime interaction terms which represent differential expression over time were further analysed by principal component analysis (PCA; Alter, Brown & Botstein 2000) . Genetime interactions were represented by a biplot (Chapman et al . 2001 ), a representation which allows the direct interpretation of both genes and time-points. The combined use of PCA and biplot allows the identification of the genes with the largest variation across time-points. In the present study, this approach was preferred to a clustering method because we were mainly interested in finding the most responsive genes, rather than in clusters of genes.
RESULTS
Effect of phosphate supply on endogenous Pi
Phosphate content in the root system of control plants increased five-fold during the first 6 d following sowing and stabilized afterwards. By contrast, the P content of phosphate-starved plants first slightly increased and then declined from day 3 after sowing onward (Fig. 1) . The phosphate content in P-starved plants was significantly ( P < 0.05) lower from day 1 onward (15% reduction in Pi content). By day 10, the P-starved plants contained less than 10% P when compared with the control plants.
In phosphate-starved plants, lateral roots were fewer but elongated faster and for a longer time period A temporal analysis of the development of the root architecture in control and P-starved plants was carried out using scanned images collected daily (Fig. 2) . The results of this analysis are illustrated in Figs 3-6. The total length of the root system was the same in control and in P-starved plants (Fig. 3a) . However, starvation had opposing effects on the length of primary and lateral roots. Indeed, phosphate starvation reduced the primary root length from around day 8 after sowing onward (Fig. 3b) . At the same time, an increase in the cumulated length of lateral roots became visible (Fig. 3c) . Additional information was obtained by computing elongation rates. Whereas the elongation rate of the primary root increased in control plants up to a stable rate of approximately 1 cm d -1 from day 8 onward, the elongation rate started to decline before reaching a plateau at 0.6 cm d -1 in phosphate-starved plants (Fig. 4a) . This confirmed the inhibitory effect of phosphate deficiency on the growth of the primary root and showed, in addition, that this effect displayed a latency. For lateral roots, the average elongation rate was twice as high in phosphate-starved than in control plants almost as soon as the first lateral roots were visible (day 8 onward, Fig. 4b ). In addition, fast lateral elongating roots were more abundant in phosphate-starved plants: for instance, in the absence of phosphate in the medium, 20% of lateral roots were growing at a rate greater than 0.4 cm d ) in control plants (data not shown). Taken together, these observations suggested a clear differential effect of phosphate availability on the growth of primary and lateral roots, and that this effect occurred with nearly the same time scale, from day 8 onward, for both types of roots.
Another marked effect of phosphate starvation on root architecture revealed by the morphological analysis was the marked decrease in the number of lateral roots. This decrease was visible from day 10 onward, and, at the end of the experiment, starved plants had only produced nearly half the number of lateral roots compared with the control plants (Fig. 5a ). This was due to both a reduced length of the branched zone (25% shorter at day 14 in P-starved as compared to control plants, Fig. 5b ) and to a reduced density of lateral roots in this zone. Furthermore, the primordia density in the unbranched zone was also halved in phosphate-starved plants in comparison with the control plants (respectively 2.2 and 4.1 primordia cm -1 ; data not shown). These data thus showed that, in addition to altering root elongation rates, phosphate availability also inhibited the initiation of lateral roots.
A last clear effect of phosphate starvation was observed when looking at the fate of lateral roots. Indeed, in control plants, a high proportion of lateral roots ceased elongating before their length reached approximately 1 cm. By contrast, this number was much reduced in P-starved plants (Fig. 6) . This difference became detectable by day 11, and, at day 14, approximately 60% of lateral roots ceased to elongate in control plants compared with approximately 20% for P-starved plants. This observation showed that a major response to P starvation, not reported to date, concerned the growth duration of lateral roots.
Temporal molecular effects of phosphate starvation in roots
In order to get an overview of the time course of a set of relevant molecular events occurring in the roots during P- Days from sowing starvation, a set of 73 DNA sequences was arrayed onto Nylon membranes. Genes were selected either on the basis of previous knowledge of their involvement in root development, basic processes of growth, the mineral nutrition and the physiological or hormonal status of plants. Hybridization was performed at days 5, 7, 10 and 14, both on control and phosphate-starved plants. The analysis of variance of differences between both conditions demonstrated that the gene-time interactions were significant, indicating the occurrence of differential expression. For instance, temporal analysis of expression profiles revealed that the expression of the phosphate transporter AtPT2 increased with time in phosphate-starved plants, the over-accumulation exceeding a factor of 4 at day 14. To identify at the different time points, the genes that contribute the most to the changes in the gene expression profiles, PCA was performed on interaction terms. The first plane was found to capture 83% of the interaction variations where the axes 1 and 2 accounted for, respectively, 47 and 36% of the total variation (Fig. 7) . The combined use of PCA and biplot allowed the identification of the genes with the largest variation across time-points. Strong contributions to the variability were associated to nine genes including water channels (four genes of the PIP family), the nitrate transporter NRT2.1 (two different clones ACH1 and NRT3 of the same gene), the phosphate transporters AtPT1 and AtPT2, and HRGP, a gene involved in the initiation of lateral root meristems (Vera, Lamb & Doerner 1994 ) and known to be auxin-inducible. More detailed analysis of other genes, previously reported as auxin-sensitive, showed that the expression profile of eight such genes (AIR1, AIR3, AIR9, AIR12, HRGP, LRP1, PRHA, RSI1) spotted on the macroarray was affected by phosphate starvation (Fig. 8) . Although, except for HRGP, these genes contributed only moderately to the changes at the transcriptome level (Fig. 7) , this overall behaviour might suggest a possible involvement of auxin signalling in the phosphate deficiency-induced decrease in lateral root density.
Auxin treatment restored growth of the lateral roots
The auxin-resistant axr4 mutant was previously shown to have a reduced number of lateral roots, as well as a long primary root (Hobbie & Estelle 1995) , and to display similar responses to phosphate starvation as the wildtype Columbia (Williamson et al. 2001; Lopez-Bucio et al. 2002) . Figure 9 shows that, after 13 d, most architectural responses of axr4 to phosphate deficiency were similar to those of Columbia ecotype, but systematically amplified. These results were in agreement with previous observations (Williamson et al. 2001) , for all length and elongation parameters related to both primary and lateral roots, but not for the number of lateral roots that show growth cessation. Moreover, wild-type plants supplied with 0.1 mM 1-naphthaleneacetic acid (NAA) also displayed an amplification of the effect of P starvation on primary root length and elongation rate (primary roots of NAA-supplied P-starved plants were no longer elongating by day 12). By contrast, NAA treatment abolished the effect of P-starvation both on the elongation rate of laterals (it was not increased by the starvation) and on the duration of elongation (the proportion of roots showing growth arrest was similar in control and P-starved plants supplied with NAA).
Auxin treatment amplified the effect of Pstarvation on the expression of the phosphateaffected genes
In order to compare the effects of the auxin treatments with that of the P-starvation on gene expression, a complementary macroarray analysis was performed at day 14. The NAA application on plants growing on a normal medium induced an overexpression of the eight auxin-inducible genes (data not shown). Specific attention was paid to the set of genes that was shown above to contribute the most to the early changes in gene expression profiles during the response to P-starvation (Fig. 7) . Except for the phosphate transporters AtPT1 and AtPT2, the expression of other genes was repressed, to various extents, by P-starvation (Fig. 10) . In the plants supplied with 0.1 mM NAA, the changes in expression induced by P-starvation were amplified for all genes with the exception of NRT3.
DISCUSSION
Temporal pattern of biochemical, molecular and architectural responses to phosphate deprivation in roots
Among the first biochemical and molecular responses to phosphate deprivation are a decrease in the plant free phosphate concentration (Raghothama 1999) and an increase in the expression of phosphate transporters (Smith et al. 1997) . In the present work, the absence of phosphate in the medium rapidly and strongly reduced the internal level of free Pi by comparison with control plants (5-and 10 fold by day 5 and 10). At the molecular level, macroarray hybridization revealed the expression of AtPT1 and AtPT2 was already increased in P-starved plants from day 5 onward, consistent with previous data (Smith et al. 1997; Muchhal, Pardo & Raghothama 1996) . Therefore, both known biochemical and molecular features indicate that Arabidopsis plantlets were engaged in adaptive responses to phosphate starvation.
In addition to the overexpression of phosphate transporters, other prominent molecular responses to phosphate starvation were also detected. As the present macroarray analysis was designed to get a crude overview of the molecular responses, and not for a fine analysis of changes in genome expression, no confirmation of expression profiles was performed by independent methods for any gene. Under these restrictions, however, the overall strong responses to P starvation of water channels of the PIP family and of the two clones of the nitrate transporter NRT2.1 are not unexpected. Phosphate deficiency is known to alter root hydraulic conductivity, and modifications of the expression of PIP water channels have been suggested to be involved in this response (Clarkson et al. 2000) . Moreover, the expression of NRT2.1 is known to be regulated by nitrogen and carbon status , the later itself being strongly affected by phosphate deficiency (Pieters, Paul & Lawlor 2001) . Therefore, the responses of PIPs and NRT2.1 are probably indicative of some of the various side-effects of phosphate deficiency on the plant physiology. On the other hand, the observation of changes in the temporal expression profile of HRGP, is also not unexpected, as this gene was described to be involved in the initiation of lateral root meristems (Vera et al. 1994 ) and the number of lateral roots was observed to be strongly affected by phosphate starvation (see below). the lateral roots (L LR ) and the total root system (L tot , b) were measured for 13-day-old Columbia ecotype (Col) or axr4 mutant (axr4) and for Columbia ecotype cultured in the presence of 0.1 mM 1-NAA (Col + NAA). Elongation rates for primary (ER PR , c) and lateral roots (ER LR , d) are the mean values calculated between days 12 and 13. The number of lateral roots showing growth arrest (GA, e) was calculated for days 12 and 13. Data correspond to the average values ±SE (n = 7-10) from plants grown in vertically oriented Petri dishes, on standard medium containing initially 1 mM KCl (open box) or KH 2 PO 4 (full box).
At the architectural level, the effects of phosphate deprivation were recently shown to involve changes in several root growth parameters in Arabidopsis (Williamson et al. 2001; Linkohr et al. 2002) . Using final point measurements, after a 14-day culture, these authors showed an approximately 40% inhibition of primary root growth, an approximately 30% reduction in the number of lateral roots and an approximately 25% increase in the mean lateral root length. Here, using similar approaches, we observed that phosphate starvation reduced the length of the primary root by approximately 30% and the number of lateral roots by approximately 40% whereas their mean increased by approximately 30%. Therefore, present data are in close agreement with previous single point studies, and confirm that phosphate availability, by contrast with other nutrients such as nitrate (Zhang & Forde 1998; Linkohr et al. 2002) , clearly have opposing effects on primary and lateral root growth. Our study provides additional temporal information about the establishment of the root responses to P starvation. Indeed, by day 8 after sowing, both the decrease in the primary root elongation rate and the increase in the lateral root elongation rate became visible. In agreement with previous work (Williamson et al. 2001; Linkohr et al. 2002) lateral root number was reduced by day 10 onward in P-starved plants. This was due to a decrease in the density of newly formed lateral roots as confirmed by the examination of primordia density. Because primordia initiation precedes lateral root emergence by approximately 2 d (Muller unpublished) , this suggests that this architectural feature began to be altered in P-starved plants at nearly the same time as primary and secondary root elongation rates.
Another important factor influencing root architecture was detected in the present study, namely the proportion of lateral roots that showed early cessation of growth. This feature, which probably provides a means for the plant to simply alter its root architecture, is well known in both monocots (Muller, Stosser & Tardieu 1998) and dicots (Aguirrezabal & Tardieu 1996) . However, the involvement of growth arrest processes in the responses of Arabidopsis to nutrient limitations was not described so far, and only recently some molecular insights about the phenomenon itself were obtained (Pearce et al. 2001; Suzuki, Kao & McCarty 2001) . Owing to the amplitude of the changes recorded here, this parameter could constitute a major trait for the adaptation to phosphate availability. This response was first visible by day 11, approximately 3 d later than the other responses observed. However, an earlier occurrence can not be ruled out, as this response is difficult to observe precisely on very small roots.
As a result, the sequence of events associated with the root architectural changes promoted by phosphate deficiency appears to involve successively four clear architectural features: a decrease of the primary root elongation rate, an increase of the lateral root elongation rate, a decrease in the initiation of laterals and an increase of the growth duration of lateral roots. All these changes occurred within a short narrow time-frame of no more than 3 d, from day 8 to day 11 after sowing.
Involvement of auxin signalling in the architectural responses of roots to phosphate starvation
Comparison of how different mutants were affected in their response to nitrate availability (Zhang et al. 1999) , iron starvation (Schmidt & Schikora 2001) , and changes in carbon and nitrogen nutritional status (Malamy & Ryan 2001) demonstrated that auxin participates in adaptative responses of the root system architecture. However, in contrast, the root responses to phosphate availability of auxinresistant axr mutants were found to be similar to those of the wild-type (Williamson et al. 2001) and it was concluded that the ability of the root system to respond to available phosphate is independent of auxin signalling. Our data both confirm these previous observations for axr mutants, but provide new information to qualify the involvement of auxin in the response.
The first indication of the involvement of auxin is given by the observation that HRGP, an auxin-inducible gene (Vera et al. 1994) , was over-expressed when plants were grown in a phosphate-lacking medium, particulary during the initial phase around day 7. Interestingly, although having less marked changes in expression in the present cDNA macro-array analysis, other genes previously reported as auxin-inducible were also over-expressed in phosphatestarved plants during the initial phase, whereas PRHA appeared to be repressed. The simultaneous response of auxin-regulated genes supports the hypothesis that auxin concentration could be altered in roots under phosphate deficiency. On another hand, at day 14, P-starvation weakly affects the expression of auxin-regulated genes, but strongly affects that of phosphate transporters and water channels. Moreover, these later effects are amplified in auxin-suplied plants. A recent report showed that auxin specifically modified the expression of the phosphate transporter AtPT1 (Karthikeyan et al. 2002) . Taken together, these observations argue for the occurrence of interactions between phosphate and components of the auxin-signalling pathway occuring in a time-dependent manner.
Second, concerning the root system architecture, the axr4 mutant responded to phosphate deprivation in a similar manner to the Columbia ecotype, but the effects were systematically amplified in the mutant. This contrasts with the results of Williamson et al. (2001) but the reason for this discrepency is not clear. The experimental conditions in the two experiments were close; however, in the work of Williamson et al. (2001) , plants were grown under a light intensity nearly three times lower than here, and in the presence of sucrose. The root response to phosphate was shown to be independent of sucrose in Arabidopsis (Williamson et al. 2001) , however, the carbon status is known to both depend on phosphate availability in tobacco (Pieters et al. 2001) , and to induce changes in the Arabidopsis root system that are mediated by auxin (Malamy & Ryan 2001) . Therefore, it cannot be ruled out that differences in the culture conditions cause changes in the carbon status that could interfere with phosphate availability and alter the relative influence of the different pathways potentially involved in the control of the root architecture. Such an effect of light intensity was also recently suggested elsewhere (Lopez-Bucio et al. 2002) . In any case, the temporal characterization presented here demonstrates that root growth rate parameters were specifically affected in the axr4 mutant by phosphate starvation.
Finally, a third line of evidence is offered by the effects of auxin treatment on phosphate-starved plants. The addition of auxin enhanced the reduction in the growth of the primary root that was induced by phosphate deprivation, suggesting the occurrence of a supplementary inhibition and in agreement with previously described effects of auxin on wild-type plants. Furthermore, the addition of auxin reverted the effect of phosphate starvation on the elongation rate and growth arrest of lateral roots. Interestingly, the growth arrest of laterals was recently proposed to be mediated by auxin under control conditions (Suzuki et al. 2001) . Therefore, our data favour collectively the hypothesis of the involvement of auxin signalling in the responses of the root system architecture to phosphate availability.
Whether this intervention concerns changes in local concentration, transport, or sensitivity to auxin remains to be explored. Recently, it was suggested that phosphate starvation induces an increase in the sensitivity to auxin in Arabidopsis roots (Lopez-Bucio et al. 2002) . Our results show that the addition of auxin reverts most architectural effects, such as lateral root elongation and proportion of lateral roots showing early growth arrest, and that phosphate deficiency affects differentially the expression of auxininducible genes, thus supporting the working hypothesis that the change in auxin response could arise from auxin redistribution in phosphate-starved plants. A local reduction of auxin concentration would, as recently show by Himanen et al. (2002) , maintain a high level of a specific cycling-dependent kinase inhibitor (KRP2) preventing pericycle activation for lateral root development.
In conclusion, time-based analysis of the root system architecture (1) provides evidence of new effects of phosphate starvation; (2) shows that these effects are temporally distinct, but occur very early within a narrow time-frame and affect primary and lateral roots differentially; and (3) points to a global role of auxin signalling. The next challenges will concern the fine dissection of these different responses (i.e. elongation rates, lateral root initiation and growth duration) and the assignment of their respective signalling, especially concerning the contribution of auxin to their coordinated occurrence.
